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The effect of balloon size on the success of coronary 
angioplasty was studied to develop quantitative criteria for 
optimal selection of balloon size. Coronary dimensions of 
165 stenotic lesions were measured by computer-assisted 
cinevideodensitometry in 120 patients who had undergone 
angioplasty with a balloon selected by visual estimates. 
Cross-sectional areas and diameters of normal and stenotic 
arterial segments were measured before and after angio- 
plasty by a previously validated cinevideodensitometric 
technique. The diameter of the inflated balloon compared 
with that of the normal arterial segment was expressed as a 
ratio for sizing balloons. 
Oversized balloons with a ratio b1.3 (n = 35) caused a 
high (37%) incidence of dissection, with three severely 
compromised arterial lumens. Undersized balloons with a 
ratio <0.9 (n = 29) often resulted in significant (>50% 
diameter stenosis) residual stenotic lesions (21%) and a 
Selection of appropriate balloon size for coronary angio- 
plasty is routinely based on visual estimates of the diameter 
of the normal arterial segment adjacent to the stenosis. 
Selection of an inflated balloon diameter that approximates 
the diameter of the normal arterial segment has generally 
been recommended (1,2). However, because of wide varia- 
tions in the caliber of normal arterial segments and differ- 
ences in radiographic magnification for different angio- 
graphic projections, visual estimates of the dimensions of 
arterial segments may be imprecise. No systematic study of 
the effect of balloon size on angioplasty results has been 
published previously, largely because objective quantitative 
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significantly (p < 0.05) higher rate of repeat angioplasty for 
restenosis. Selection of balloon sizes with ratios in the 0.9 to 
1.3 range (n = 101) resulted in a low (4%) incidence of 
dissection with few patients (3%) having significant residual 
stenosis. Mean residual stenosis (percent diameter reduc- 
tion) was most severe for undersized (35.0 f 18%) or 
oversized (23.1 f 19%) balloons and least severe for 
balloons with a ratio of 0.9 to 1.3 (18.7 f 14%) (p < 0.001). 
Repeat angioplasty for restenosis was more frequently 
required (p < 0.05) for lesions dilated with undersized 
balloons. 
Thus, selection of angioplasty balloons that approximate 
or slightly exceed the diameter of the normal arterial 
diameter yields optimal angiographic results with minimal 
dissections and minimal residual stenotic lesions. 
(J Am Co11 Cardioll989;13:1094-100) 
methods for measuring the caliber of coronary arteries have 
not been available for clinical use. 
A computer-assisted quantitative method for measuring 
the dimensions of normal and stenotic arterial segments from 
projected coronary arteriograms was recently developed in 
our laboratory (3,4). This cinevideodensitometric method 
provides calculations of coronary dimensions based on anal- 
ysis of videodensity profile curves recorded across the 
normal and stenotic arterial segments and catheter shaft. 
Summated values of film density reflect the quantity of 
contrast medium in the arterial lumen, which in turn reflects 
luminal cross-sectional area (3). Comparison of background- 
corrected summated videodensity values measured across 
the normal and stenotic arterial segments provides a mea- 
surement of percent area stenosis, which is independent of 
geometric assumptions about the shape of the stenosis. With 
the use of the known diameter of the catheter as a spatial 
reference, absolute dimensions of the normal and stenotic 
segments can be calculated (5). The accuracy of this rapid 
technique for quantifying coronary dimensions has been 
validated in experiments with radiographic phantoms and 
postmortem human hearts (3,4,6). 
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In the present study, coronary arteriograms of 120 pa- 
tients undergoing angioplasty were analyzed by cinevideo- 
densitometry to examine the effect of balloon size on the 
outcome of coronary angioplasty. The objective of the study 
was to develop quantitative criteria for the optimal selection 
of balloon size, based on cinevideodensitometric measure- 
ments of the diameter of the normal arterial segment and the 
effective increase in stenotic area resulting after angioplasty. 
Methods 
Patient selection. From January 1985 to March 1987. 
coronary angioplasty was performed in a total of 459 patients 
in the cardiac catheterization laboratory of the Columbia- 
Presbyterian Medical Center with a primary success rate of 
88%. There was one death in a patient who died 3 days 
postoperatively after emergency surgery for acute coronary 
occlusion. Of 97 patients with a totally occluded artery, 
dilation was successful in 54%. Thus, of 55 primary failures. 
44 occurred in patients with a chronically occluded coronary 
artery. In 46 patients, the stenosis could not be crossed with 
the guidewire. and in 7 patients the balloon could not be 
advanced across the stenosis. In two patients balloon infla- 
tion failed to dilate the lesion. A total of 6 patients (1.3%) 
required emergency surgery after angioplasty. Three addi- 
tional patients required emergency surgery for stenotic le- 
sions that could not be crossed. 
For the present study, 130 patients were selected at 
random from the group of 459 patients. Excluded were 
patients who had a totally occluded artery that could not be 
crossed with the dilation catheter. Also excluded were 
patients who had undergone saphenous vein coronary by- 
pass surgery or cardiac transplantation. Eighteen additional 
patients with films of technically poor quality were not 
studied. 
Before each angioplasty, the patient’s coronary arterio- 
gram was visually evaluated by a cardiologist experienced in 
angioplasty, who attempted to estimate the diameter of the 
normal arterial segment by visual comparison with the 
catheter shaft. The size of balloon that most closely approx- 
imated the estimated diameter of the normal artery was 
selected. 
Cinevideodensitometric analysis. Coronary angiograms 
recorded immediately before and after each angioplasty 
were retrospectively analyzed by cinevideodensitometry. A 
microprocessor cinevideodensitometric system designed in 
our laboratory (4) and manufactured by Vanguard Instru- 
ments Corp. was used to measure the diameters and cross- 
sectional areas of the normal and stenotic arterial segments. 
which were calculated from videodensitometric profile 
curves recorded across the catheter shaft and the normal and 
stenotic arterial segments. Percent area stenosis was calcu- 
lated by comparing areas under the videodensitometric 
curves recorded across the normal and stenotic segments 
(3). Diameters were calculated from full-width-at-half- 
maximal measurements of the normal arterial segment and 
the catheter shaft, which was used as a spatial reference. 
Detailed descriptions of this technique and the required 
calculations are provided in previous publications (3-6). The 
accuracy of this approach for analyzing projected cinearte- 
riograms was established with radiographic phantom models 
and with acrylic resin casts of the coronary arteries of 
postmortem human hearts (3.4). 
Ratio of balloon to arterial diameter. For each stenotic 
lesion measured. the diameter of the inflated balloon was 
compared with that of the normal artery adjacent to the 
stenosis and expressed as a ratio. The normal-appearing 
arterial segment proximal to the stenosis was generally 
measured: however, the distal arterial segment was mea- 
sured if a bifurcation was present just proximal to the 
stenosis. Balloon sizes provided by catheter manufacturers 
were used for inflated balloon diameters. Jain et al. (7) have 
demonstrated that the designated diameters of polyethylene 
balloons were approximately reached at inflation pressures 
of X to IO atm. Polyethylene balloons were used almost 
exclusively in the present study and were routinely inflated 
to 8 or 9 atm pressures, suggesting that the actual inflated 
diameters resulting during angioplasty were approximately 
equivalent to the designated diameters specified by the 
manufacturer. 
Statistical analysis. Ratios of the inflated balloon to the 
normal arterial segment were correlated with the incidence 
of coronary dissection, residual stenosis, need for repeat 
angioplasty. and need for emergency coronary artery sur- 
gery. Balloon ratios were divided into tertiles on the basis of 
these criteria to define ratios associated with underdilation, 
optimal dilation or overdilation of stenotic lesions. The 
statistical significance of mean values for these tertiles was 
evaluated by Student’s t test. Differences between propor- 
tions were tested by chi-square or Fisher’s exact test. The 
number of patients requiring repeat angioplasty or coronary 
artery surgery for restenosis was determined from hospital 
charts and by a questionnaire mailed to all patients in the 
study. The questionnaire was used only to identify patients 
who had repeat angioplasty or coronary surgery at other 
hospitals. 
Results 
Examples of overdilation and underdilation. Figure 1A is 
a representative cinearteriogram of a patient with a severe 
proximal stenosis of the left anterior descending coronary 
artery, which was dilated with an oversized balloon. In this 
patient, the stenotic lesion was dilated with a 3.5 mm 
diameter balloon (Fig. IB), and the diameter of the normal 
arterial segment was calculated by cinevideodensitometry to 
be 1.7 mm, yielding a ratio of 2.1. Figure IC displays the 
same arterial segment immediately after angioplasty. An 
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Figure 1. A, Representative tine frames from a patient with a severe proximal 
stenosis (arrow) of the left anterior descending coronary artery. B, Dilated with an 
oversized (3.5 mm diameter) balloon. The diameter of the normal arterial segment 
was 1.7 mm by cinevideodensitometric measurement (balloon/artery ratio 2.1) (SF 
guiding catheter). C, After angioplasty, an extensive dissection (arrows) was ob- 
served with a large intramural hematoma, which severely compromised the arterial 
lumen. 
extensive dissection resulted with formation of a large intra- 
mural hematoma that severely compromised the arterial 
lumen. The patient underwent uncomplicated surgical im- 
plantation of the left internal mammary artery distal to the 
dissection. 
Cine frames from a representative patient with a proximal 
lesion of the left circumflex artery that was dilated with an 
undersized balloon are shown in Figure 2. The normal 
arterial segment adjacent to the severe stenosis (95% area 
reduction) had a diameter of 4.5 mm (Fig. 2A). The stenosis 
was dilated with a 3.0 mm diameter balloon (ratio 0.67) (Fig. 
2B). After the angioplasty (Fig. 2C), a significant residual 
stenosis (81% area stenosis or 56% diameter stenosis) re- 
mained. This patient required repeat angioplasty 6 weeks 
later for recurrent angina. 
Correlation between balloon size and coronary dissection. 
The ratio of inflated balloon diameter to the diameter of the 
normal arterial segment was correlated with residual percent 
diameter stenosis for all 165 lesions (Fig. 3). Optimal angio- 
plasty results with the least degree of residual stenosis were 
observed for ratios ranging from 0.9 to 1.3. Table 1 lists the 
mean values for all 165 lesions divided into three groups. For 
the 35 lesions with a ratio >1.3, the frequency of coronary 
dissection was high (37%; p < 0.001). Ten of these 13 
dissections did not compromise the luminal diameter, but 
three dissections resulted in a compromised arterial lumen 
after angioplasty. One of these patients (Fig. 1) required 
emergency surgical revascularization. For the 101 lesions 
dilated with a balloon to arterial ratio of 0.9 to 1.3, the 
incidence of dissection was low (4%). No dissection was 
observed for the 29 lesions dilated with a balloon to arterial 
ratio cO.9. 
Correlation between balloon size and residual stenosis. 
Residual stenosis after angioplasty (expressed as percent 
diameter stenosis) was significantly less (mean 18.7 t 14%) 
(p < 0.001) for lesions dilated with a balloon/diameter ratio 
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Figure 2. Cine frames showing a severe stenosis (arrow) of the proximal left circumflex 
artery before (A) and after (C) angioplasty with a 3 mm diameter balloon (B). The 
normal arterial segment adjacent to the stenosis measured 4.5 mm in diameter, 
resulting in a 0.67 balloon/artery ratio. The residual stenosis after angioplasty was 56% 
diameter stenosis (arrow). Repeat angioplasty was required for recurrent chest pain 
several months later. 
of 0.9 to 1.3 compared with lesions with a ratio ~0.9 (mean 
35.0 + 18%). Oversized balloons with a ratio >I.3 did not 
result in significantly reduced mean residual diameter steno- 
sis (mean 23.1 t 19%) compared with lesions dilated with a 
balloon with a ratio size of 0.9 to 1.3. A residual stenotic 
lesion with >50% diameter stenosis (76% area stenosis) was 
defined as the criterion for inadequate dilation. On the basis 
of this criterion, 21% of the lesions dilated with an under- 
sized balloon (ratio <0.9), resulted in a significant residual 
lesion after angioplasty (Table 1). For lesions dilated with a 
balloon with a size ratio of 0.9 to 1.3, the incidence of 
significant residual stenotis was 3%. For lesions dilated with 
a balloon with a size ratio > 1.3, the incidence of significant 
residual stenosis was 14%. These differences among the 
three groups of patients were significant at the p < 0.01 and 
p < 0.05 level, respectively. 
The number of lesions requiting repeat angioplasty within 
6 months was significantly higher (p < 0.05) for the lesions 
dilated initially with a balloon ratio ~0.9 (8 of 29; 28%), in 
comparison with the lesions dilated with a balloon with a 
ratio >0.9 (17 of 136; 13%). Thus, the percentage of patients 
requiring repeat angioplasty was highest among those under- 
going angioplasty with an undersized balloon. 
Discussion 
This study demonstrates the importance of balloon size, 
expressed as a ratio of the normal arterial diameter, on the 
outcome of coronary angioplasty. Overdilation with an ex- 
cessively large balloon was associated with a high incidence 
of coronary dissection. Underdilation with an excessively 
small balloon resulted in a high incidence of significant 
residual stenosis and a greater need for repeat angioplasty. 
The outcome of coronary angioplasty was optimal for in- 
flated balloon sizes with balloon to artery ratios ranging from 
0.9 to 1.3. For balloon sizes within this range. the incidence 
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of coronary dissection was low, residual stenosis was mini- 
mized and the need for repeat angioplasty was minimal. 
Coronary dissection. Excessively large balloons with bal- 
loon to artery ratios >1.3 were associated with a high 
incidence of coronary dissection. Although most of the 
coronary dissections observed did not significantly compro- 
mise the coronary lumen causing reduced flow, several 
dissections did result in severe narrowing of the dilated 
segment, presumably due to hematoma formation in the 
arterial wall. One of these patients with a flow-limiting 
Table 1. Association Between Balloon Size Ratios and Incidence 
of Coronary Dissection, Residual Stenosis and Repeat Angioplasty 
Undersized 
Balloons 
Optimal 
Balloon Size 
Oversized 
Balloons 
Range of balloon to normal 
artery ratios 
Mean ratio 
Number of lesions 
Number of dissections 
Number of patients 
requiring emergency 
surgery 
Mean residual percent 
diameter stenosis 
Number of residual 
stenoses (stenosis >50%) 
Number of patients 
requiring repeat 
angioplasty or coronary 
surgerv 
<0.9 
0.76 ? 0.10 1.07 + 0.12 1.58 + 0.25 
29 IO1 35 
0 (0%) 4 (4%) 13 (37%)* 
0 0 I 
35.0 k 17.7 18.7 k 14.1* 23.1 It 19.5 
6 (21%)+ 3 (3%) 
8 (28%H 11 (11%) 6 (17%) 
0.9 to 1.3 >I.3 
5 (14%)$ 
*p < 0.001; tp < 0.01; tp < 0.05. 
Figure 3. Residual coronary stenosis (% mean diameter) 
for 165 lesions after angioplasty correlated with ratios of 
inflated balloon diameter to the diameter of the normal 
arterial segment. Vertical error bars denote mean k SD 
values for residual stenosis for groups of patients with 
balloon/artery ratios CO.9, 0.9 to 1.3 and >1.3. As 
shown, patients with a balloon/artery ratio of 0.9 to 1.3 
had the lowest residual stenosis with the fewest coro- 
nary dissections and lowest incidence of repeat angio- 
plasty. 
coronary artery hematoma required emergency coronary 
surgery. In our experience, the most common mechanism of 
acute occlusion after coronary angioplasty is arterial wall 
hematoma formation resulting from coronary dissection due 
to an oversized balloon. Other groups (8,9) have also re- 
ported that acute coronary occlusion after angioplasty is 
more common in arteries that are dissected. Furthermore, an 
excessively oversized balloon may cause arterial perforation 
and tamponade (lO-12), although this complication was not 
observed in the present study. We observed that mean 
residual stenosis is not improved by dilation with an over- 
sized balloon, because some dissections result in a compro- 
mised arterial lumen. On the basis of the present findings, 
the ratio of the diameter of the inflated balloon to the normal 
arterial segment should be < 1.3. 
Physical principles of balloon dilation. The fundamental 
importance of balloon size on the stretching or tearing force 
of balloon dilation can be readily explained by basic physical 
principles. The radial force exerted by an inflated balloon is 
related to hoop stress (HS), which is described by the law of 
LaPlace: HS = P x D, where P is inflation pressure and D is 
the inner diameter of the inflated balloon (13). Thus, for the 
same pressure, dilating force is directly proportional to the 
diameter of the inflated balloon. In addition, larger balloons 
exert greater total dilating force against the arterial wall 
because of a larger surface area; that is, force = pressure X 
area. Furthermore, larger balloons are more effective for 
dilating eccentric stenotic lesions when the contralateral 
arterial wall is elastic because the increased surface area 
provides firmer support for dilation (14). 
On the other hand, if the inflated diameter of the balloon 
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is undersized, the pressure applied by the inflation syringe 
will be exerted primarily against the balloon wall, which is 
essentially non-distensible, rather than being transmitted 
against the arterial wall. These physical principles suggest 
that selection of appropriate balloon size is of greater con- 
sequence than selection of inflation pressure. 
Residual stenotic lesions. In the present study, undersized 
balloons often resulted in inadequate dilation with signifi- 
cantly higher mean residual stenosis and a higher proportion 
of residual lesions >.50% diameter stenosis. Furthermore, 
dilations with undersized balloons were associated with a 
higher need for repeat angioplasty within several months. 
The true incidence of restenosis in our patient series is not 
known because repeat coronary arteriography was not rou- 
tinely performed after angioplasty. However, lesions that 
must be redilated because of recurrent symptoms generally 
reflect restenosis. Several previous studies (15,16) have also 
shown that restenosis is more common in lesions that were 
inadequately dilated initially. 
Uses of oversized or undersized balloons. On the basis of 
the present study, we recommend that a balloon size should 
be selected that closely approximates or slightly exceeds the 
diameter of the normal artery. In certain circumstances, 
however, an oversized or undersized balloon may be advan- 
tageous. Thus, an undersized balloon has been recom- 
mended for very eccentric lesions and excessively curved 
arteries and in patients with diabetes or renal failure to 
reduce the likelihood of dissection (17). An oversized bal- 
loon has been recommended for saphenous vein grafts. for 
lesions that have restenosed (17) and for elastic lesions that 
fail to dilate adequately despite multiple inflations with an 
appropriately sized balloon. 
An undersized balloon may be necessary for partial 
dilation of very severe stenoses to facilitate advancement 
of a larger balloon across the lesion. In our experience, 
cinevideodensitometric measurements of stenotic cross- 
sectional area have not been helpful for predicting whether 
or not a balloon will cross a stenosis. In the present se- 
ries, the deflated balloon profile was larger than cross- 
sectional area for 131 (79%) of 165 stenotic lesions. This 
find-ing implies that the deflated balloon is usually com- 
pressed as it is advanced across the stenosis. Often a large 
balloon could be advanced across very severely narrowed 
lesions. Other factors, such as plaque rigidity, lesion eccen- 
tricity and arterial curvature, are also important determi- 
nants of whether a catheter can be advanced across a lesion 
(10 
Quantitative versus visual estimates of arterial diameter. 
One of the primary objectives of the present study was to 
determine how reliable visual estimates of normal arterial 
diameter were for selection of appropriate balloon size. The 
study shows that visual estimates by experienced angio- 
plasters may result in use of undersized or oversized bal- 
loons and suggests that quantitative cinevideodensitometric 
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measurements of the diameter of the normal artery will 
facilitate selection of appropriate balloon sizes. In radio- 
graphic phantom models of eccentric stenoses, we have 
shown that cinevideodensitometric measurements are signif- 
icantly more accurate and reproducible than caliper mea- 
surements (19). The borders of arterial margins on projected 
cinearteriograms are always blurred because of quantum 
mottle, focal spot penumbra, Compton scatter and absorp- 
tion unsharpness (20). Therefore, precise localization of 
arterial borders with calipers is difficult. In radiographic 
phantom studies, cinevideodensitometric analysis has been 
shown to be an extremely precise method for measuring the 
cross-sectional areas of contrast-filled cylinders (3-6). Cine- 
videodensitometry is advantageous for measuring projected 
angiograms with blurred borders because it averages multi- 
ple determinations of film density for many pixels, recorded 
from optically magnified projected film with a gray scale 
exceeding 1,000 gray levels. 
Conclusions. The present study indicates that the diame- 
ter of the inflated angioplasty balloon should approximate or 
slightly exceed the normal arterial diameter to achieve 
optimal dilation of the stenotic lesion with minimal residual 
stenosis and the smallest incidence of coronary dissection. 
This study demonstrates that appropriate balloon size is 
fundamentally important for optimal angiographic and clini- 
cal results in patients undergoing coronary angioplasty. 
We are indebted to Arlene Wolny for technical assistance and to Leonard L. 
Norbert for preparing the manuscript. 
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